Solute-rich beta titanium alloys such as Ti 38-644 (Beta-C TM ) are known for an inhomogeneous precipitation of the strengthening alpha phase during aging. Consequently precipitate-free zones, referred to as " flecks", remain within the beta matrix when the material is solution treated above the transition temperature and subsequently aged at temperatures between 454°C and 538°C. Nevertheless, tensile tests performed on simplex-aged Beta-C show reasonable UTS values of about 1300MPa. However, flecks are considered to be detrimental with respect to fatigue properties. In order to eliminate this effect, a duplex aging cycle was designed for Beta-C. Depending on the prior working history of the alloy, heat treatment parameters in terms of times and temperatures were specified, in order to optimize the microstructure with respect to a high fatigue limit at comparable monotonic strength values. The results of this study indicate clearly that duplex aging leads to a significant improvement of the fatigue limit in the highly -stabilized titanium alloy due to a homogeneous dense distribution of acicular alpha precipitates. The success of the modified heat treatment depends very sensitively on the parameters applied for the solution and pre-aging treatment. In this study, duplex aging led to an increase of the fatigue limit to 700MPa and 750MPa under symmetrical push-pull and rotating bending loading, respectively. A change of the tensile fracture mode from intergranular to predominantly transgranular was observed accompanied by a slight gain of ductility. Fatigue cracks were shown to initiate in surface-near regions after aging Beta-C according to the duplex route.
Introduction
The metastable titanium alloy Ti 38-644 ( -C TM ) is known to exhibit an excellent corrosion resistance and a reasonable room temperature formability. By means of heat treatment a sound combination of strength and ductility can be established [1] . -C can reach a high ultimate tensile strength (UTS) of about 1500MPa after a solution treatment followed by simplex aging, and its products are therefore used for structural components in high-strength aerospace and commercial applications and for gas and petroleum down-hole piping systems [2] . -C exhibits an inhomogeneous precipitation of the strengthening phase and forms precipitate-free zones, referred to as " flecks", within the matrix, which are detrimental for the fatigue limit. Moreover a soft layer along the grain boundaries, referred to as grain boundary alpha phase ( GB ), forms. Both phenomena ( flecks and GB ) limit the use of -C components for applications which require a high endurance limit, since they may act as sites for fatigue crack initiation during cyclic loading [3] [4] [5] [6] .
The objective of the present study was to improve the fatigue limit of -C by a heat treatment, which provides a homogeneous precipitation of the phase by eliminating flecks and GB phase. Such requirements for the microstructure of -C can only be achieved by duplex aging consisting of a pre-aging and a final aging step [1, 5] . The success of the duplex aging depends on the accurate heat treatment parameters in terms of annealing times and temperatures. Since the thermomechanical pre-treatment exerts a strong influence on the microstructure response of -C to subsequent solution annealing and aging, it is not surprising that all attempts of heat treating the alloy used in this study according to literature data [4] [5] [6] [7] [8] have not been successful in establishing a favourable microstructure with respect to fatigue endurance desired. Taking the prior processing history of the material into account, a detailed description of how to determine appropriate parameters for the solution treatment and the duplex aging cycle is provided. The findings obtained in this study were used to deduce general information on the improvement of the mechanical properties of -C by microstructural modification with emphasis on the fatigue limit [9, 10] .
Experimental
The investigated metastable titanium alloy was received from GFE-Metalle und Materialien GmbH in Germany. The received bars with a diameter of 30mm had been extruded at 920°C from an ingot with a diameter of 170mm corresponding to a deformation ratio of 1:38. Fig. 1 shows the metastable titanium alloy -C in the asreceived condition consisting of equiaxed grains with a mean grain size of 62μm. The chemical composition of -C as determined via spark emission spectroscopy and the material data received from GFE are shown in Table 1 . A ( + ) / transition temperature (T ) of 780°C was determined experimentally. Cylindrical samples with a diameter of 12mm were produced for fatigue tests and tensile tests by electro discharge machining. After solution annealing and subsequent water quenching, the cylindrical samples were machined to the final geometry required for the mechanical tests. All heat treatments were carried out in a vacuum furnace in order to avoid the formation of oxide scales. Fatigue samples were ground and electropolished after heat treatment in order to eliminate machining effects. The electropolishing was performed at -20°C in a Haake C50 system using an electrolyte of 54vol.-% methyl alcohol, 39vol.-% butyl alcohol and 7vol.-% perchloric acid. Fatigue tests were performed at a stress ratio of R = -1 on cylindrical specimens with a diameter of 5.9mm and 3.4mm for rotating bending and symmetrical tension-compression tests, respectively. During the fatigue experiments the samples were air cooled in order to avoid heating effects, and the tests were performed at 50Hz and 25Hz for rotating bending and symmetrical tension-compression loading, respectively. For both cases the fatigue limit 50% and its standard deviation s for a limiting number of load cycles of N = 2·10 6 were determined statistically according to the modified staircase method, which gives reasonable results for a small number of samples (15 samples in each test run) [11, 12] . A stress interval of 20MPa was chosen for both experiments. Cylindrical specimens according to EN 10002 with a gauge length of 30mm, a diameter of 6mm and threaded ends were used for the tensile tests. These tensile tests were performed on solution-treated, simplex and duplex-aged specimens. The tensile properties of -C in terms of values of the ultimate tensile strength (UTS), yield strength ( 0.2% ), proportional limit ( 0.02% ), Young's modulus (E), elongation (el) and reduction in area (RA) at fracture were determined. Metallographic examinations were performed on cylindrical specimens (d=10mm), which were ground, polished and subsequently etched in an etching reagent (100ml H 2 O, 2ml nitric acid and 2ml hydrogen fluoride). Fracture surfaces and metallographic examinations were carried out with an optical microscope (up to 1000x) and scanning electron microscopy (SEM).
Results and Discussion

Direct aging
In order to get a fully aged microstructure, the alloy was solution treated (ST) at a temperature of 815°C for 1hr according to the data sheet of the manufacture [7] and subsequently direct aged at different temperatures between 460°C and 540°C [8] . The microstructures resulting from these aging temperatures were compared by means of hardness measurements and by determination of the volume fraction of flecks. Fig. 2a presents the hardness of -C as a function of temperature and time as determined by the Vickers method (0.5kp/10sec). The maximum hardness of 418HV was achieved at a temperature of 480°C after 28hrs, referred to as the peak-aged condition. The difference in hardness between the flecks and the precipitation-hardened matrix is shown in Fig. 2b . The effect of the selected heat treatments represented in Fig. 2a on the microstructure of -C is shown exemplarily in Fig. 3a-d . All microstructures exhibit flecks varying considerably in volume fraction depending on the aging parameters used. The peak-aged condition exhibits the lowest fleck volume fraction of approximately 7vol% (Fig. 3a) . Increasing the aging temperature for the same time led to an increase of the precipitation-free regions to a volume fraction of 12vol% at 500°C (Fig. 3b ) and 35vol% at 520°C (Fig. 3c) , connected with a drop in hardness. The aging temperature of 480°C in combination with an aging time of 24hrs led to a fleck volume fraction of 12vol% (Fig.  3d) , which is similar to the value obtained in -C aged at 500°C for 28hrs. Thus, a high fatigue limit cannot be expected after solution annealing and a direct aging at all temperatures mentioned above, because of the existence of precipitation-free regions and of GB decorating the grain boundaries. Stress controlled fatigue tests at a stress amplitude of about 400MPa showed a number of cycles until failure of less than 10 4 cycles for the direct-aged condition at 500°C for 28hrs. 
Duplex aging
Duplex aging, consisting of a pre-aging and a final-aging step, provides the possibilities to eliminate flecks and to improve the fatigue limit of -C. The success of such a modified heat treatment depends on the solution annealing, pre-aging and final-aging parameters in terms of times and temperatures [5] .
In a first step suitable solution annealing parameters were determined to obtain a fully recrystallized microstructure. For this purpose -C samples were solution annealed at various temperatures starting out from 780°C and raising the temperature successively by 20°C up to 920°C. The samples were subsequently decoration aged at 480°C for 6hrs. Fig. 4a and b present the microstructures obtained after solution annealing at 780°C for 1hr and at 920°C for 30min, respectively, followed by decoration aging. Fig. 4 . Effect of the solution treatment temperature on the recrystallization of -C, (a) ST at 780°C for 1hr, (b) ST at 920°C for 30min. ST was followed by decoration aging at 480°C for 6hrs in each case Fig. 4a shows a large amount of non-recrystallized regions, which appear dark as a consequence of a special etching method applied. These regions exhibit a higher hardness than the fully recrystallized matrix and must be removed, because they may act as sites for crack initiation during cyclic loading. The non-recrystallized area fraction was reduced by increasing the solution treatment temperature and completely disappeared at a solution treatment temperature of 920°C already after 30min in agreement with the prior hot forming temperature (Fig. 4b) . The microstructure of the solution annealed -C differs from that in the as-received condition only in the grain size. A grain coarsening from initially 62μm to 120μm was obtained by solution annealing at 920°C for 30min. Nevertheless a solution annealing treatment of 920°C for 30min was chosen in order to establish completely recrystallization of the grains and to avoid non-recrystallized regions, which are more detrimental for the fatigue limit than the grain coarsening.
Pre-aging at temperatures between 425-460°C produces within the grains fine and uniformly distributed precipitates, which act as initial sites for further precipitation during final aging to the desired strength level. Consequently, -C samples were aged for 4hrs in the temperature regime mentioned above but all attempts to form a transgranular phase, observable by microscopy, failed. An Annealing time of at least 12hrs at a temperature of 440°C was found to achieve a significant amount and a homogeneous distribution of precipitates within the grains suppressing the formation of GB (Fig. 5a and b) . The pre-aging parameters depend sensitively on the prior processing of the alloy and are difficult to determine because they vary in small intervals. The pre-aging time found in this study is longer than that proposed by Wagner et al. [5] . This can be attributed to the reduced driving force for precipitation of the completely recrystallized microstructure. Increasing the temperature to 460°C and keeping the aging time constant did not lead to a fine and homogeneous distribution of the phase, rather the formation of GB phase and some cluster-like intergranular phase was obtained. Therefore, pre-aging at a temperature of 440°C for 12hrs was chosen as the basis for the subsequent final aging step.
In order to determine the required final aging parameters, tensile tests were performed on simplex-aged -C samples, which exhibited high hardness according to Fig. 2a (28hrs at 480°C and 500°C) . Table 2 shows the results of tensile tests performed for various heat treatments used in this study. The best combination of strength and ductility for simplex-aged was achieved at 500°C. Therefore, this temperature was selected as the final aging temperature for the duplex-aging heat treatment. The time needed to obtain a fully-aged microstructure at this temperature after pre-aging was at least 24hrs. Expanding the final aging time to 28hrs leads to a drop in the ductility from 11% for 24hrs to 5% for 28hrs, which has of coarse a negative effect on the fatigue limit. Following Wagner and Gregory [5] , there exists a relationship between the proportional limit 0.02 and the fleck volume fraction. The higher the volume fraction of flecks the lower is 0.02 , which basically agrees to the results achieved in this study. The microstructure after solution annealing at 920°C for 30min and a subsequent duplex aging consisting of a pre-aging at 440°C for 12hrs followed by a final aging at 500°C for 24hrs) is shown in Fig. 6a . The microstructure is fully aged and the hardening phase precipitates homogeneously, showing no precipitation free regions. The high resolution FESEM (field emission SEM) micrograph in Fig. 6b shows the region adjacent to a grain boundary in a duplex-aged sample. The GB phase was not detected in this region. In order to show, how the precipitates grow in the grains during final aging, a -C sample was underaged at 500°C for 20hrs only. The microstructure shows precipitates growing inside the grains towards the grain boundaries starting from the fine precipitates achieved by the pre-aging (see Fig. 7a ). The phase does not seem to precipitate on the grain boundaries as opposed to a simplex-aged sample, aged at 520°C for 15hrs, which is illustrated in Fig. 7b . Fig. 7 . The difference in the precipitation between (a) duplex but not fully-aged -C sample and (b) simplex-aged -C sample.
Fatigue Experiments
Fatigue experiments were done with the fully-aged microstructure according to Fig. 6 achieved after duplex aging the material (ST 920°C 30min + PA 440°C 12hrs + FA 500°C 24hrs). The results achieved for the fatigue limit under symmetrical tension-compression and rotating bending load are shown in Fig. 8 . As a consequence of the fully recrystallized microstructure, the elimination of flecks as well as GB phase an excellent fatigue limit of 50% = 700MPa for tension-compression and 745MPa for rotating bending have been determined. Duplex aging does not only improve the fatigue limit of -C but also changes the tensile fracture mode from intergranular to transgranular. Fig. 9a shows the intergranular fracture mode of a simplex-aged tensile sample (ST 820°C for1hr + A 480° for 28hrs). The fracture surface exhibits mainly brittle and only minor ductile fracture areas and secondary cracks are visible. Duplex aging increases the ductility to 11% and eliminates GB phase. Hence a transition of the tensile fracture mode to transgranular occurs and ductile fracture (Fig. 9b) prevails. Furthermore the fatigue crack initiation site under tension-compression load was surface related (Fig. 10a) . Whereas the fatigue crack initiates subsurface in the simplex-aged material, which is considered to be the impact of the microstructure phenomena such as flecks or GB (Fig. 10b) . 
Conclusions
The results obtained in this study on the effect of heat treatment of the 2·10 6 fatigue limit of Ti 38-644 can be summarized as follows:
1.
A duplex aging treatment consisting of a solution annealing, a pre-aging and a final-aging step was developed and optimized in terms of times and temperatures in such a way that flecks within the grains and precipitates along the grain boundaries are avoided.
2.
This developed heat treatment leads to a high fatigue limit as compared to the standard heat treatment (simplex-aged) condition.
3.
The beneficial effect of the duplex aging treatment results from complete recrystallization during solution annealing and the formation of fine and homogeneously distributed precipitates, which form during duplex aging.
4.
The homogeneous microstructure resulting from the application of the duplex aging manifests itself in a shift of the fatigue crack initiation sites to the surface, whereas subsurface crack initiation prevails for the simplex-annealing condition.
5.
The results revealed that the specific parameters for the heat-treatment step depend very strongly on the prior working history of the alloy. In particular a rather long pre-aging time is necessary, if the solution annealing establishes a fully recrystallized microstructure, due to the reducing of the driving force for forming phase. 6.
The effect of heat treatment optimization is much smaller with respect to monotonic loading conditions as compared to cyclic loading.
